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In this chapter, we focus on the use of inorganic nanocrystals (nanoalloys or homo-
geneous) as building blocks to elaborate a new class of materials with unique prop-
erties compared to the single nanoparticles or solid materials. Chemical and phys-
ical approach of the self-organization are then presented and discussed.

List of abbreviations

TEM: Transmission electron microscopy

SEM: Scanning electron microscopy

SEM-FEG: Scanning electron microscopy- field emission gun
SAXRD: Small angle X-ray diffraction

NC: nanocrystals

HOPG: Highly oriented pyrolitic graphite

Superlattices or super-crystals: periodic organization of nano-objects
BNSL: binary superlattices madefrom two differents nano-objects
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11.1 Introduction

A key issue in the realization of nanoparticles is the narrowing of the size distribu-
tion. Most applications in catalysis, magnetic recording, etc. require monodisperse
particles. From a fundamental point of view, it is also of great interest for the un-
derstanding of chemical and physical properties by means of averaging techniques
to work with monodisperse samples. Furthermore, the organization of particles into
arrays can lead to new controlled collective properties that are exacerbed if the par-
ticles are monodisperse. Furthermore, and as the main focus of this entire book,
there is a great interest for the development of new materials based on bimetallic
nanoparticles, which can lead to potential applications in various areas. These in-
clude advanced optical (Chapter 7) or magnetic (Chapter 8) nano-devices, catalysis
(Chapter 9) or biological imaging (Chapter 10). In the past years, a number of dif-
ferent routes have been developed in order to achieve arrays of nanostructured al-
loys that we review in this chapter. We mainly focus on self-assembly techniques,
either chemical or physical in nature, which can form impressively dense 2D or 3D
arrays of nanometer-size bimetallic nanoparticles or binary superlattices made of
different monometallic nanoparticles. We explain the principles of ordering and the
key parameters driving the quality of the arrays. We illustrate the different methods
by a selection of examples of bimetallic systems, either mixed or in core-shell ge-
ometry.

11.2 Chemical routes

Monodisperse inorganic nanocrystals (NCs) coated by organic ligands are the build-
ing block of 2D and 3D super-organizations. It should be mentioned that nanoalloys
considered as building block, do not present specificity due to their composition:
assemblies of NCs are stabilized by van der Waals interactions, the interactions,
bonding within the super-crystals resulting from the interdigitation of the ligand
molecules. From a chemical point of view, the crystallization of 2D or 3D superlat-
tices is a thermodynamically driven process, which depends on both the homoge-
neity of the NC building blocks and on the self-assembly conditions.

The main strategies for the chemical route for self-assembly of NCs involve either:
i) interfacial self-assembly (liquid-gas, liquid-liquid or liquid-solid); ii) processes
in solution; iii) template of external forces (directed self-organization). We will fo-
cus here on the two first strategies, the third one being more representative of the
physical route and will be expanded in section 11-3. As a general rule, self-organi-
zation of NCs requires a low size and reduced shape polydispersity [1]. The elabo-
ration of 2D and 3D superlattices is generally performed by controlled evaporation
of the organic solvent from a suspension of monodisperse NCs deposited on a solid
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substrate [2]. A large variety of 2D and 3D ordered structures have been obtained
in this way [3-10].

11.2.1 2D self-assembly of inorganic nanocrystals
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Fig. 11.1. Typical energy curves describing the nanoparticles stability in apolar solvent (from Ref
11), reproduced with permission.

Besides the narrow size and shape distribution, the self-organization phenomenon
is strongly influenced by inter-particle forces but also by the interaction between
the substrate and the NCs, which can be mediated by the capping agent (the organic
ligand, which is always present in the chemical process to stabilize the NCs) and by
the solvent used to disperse the NCs [11]. In apolar solvents (mainly used in chem-
ical self-assembly processes) and for nearly spherical NCs, the inter-particle forces
in a colloidal solution mainly act in an isotropic way. The attractive energy results
from the attractive forces (Evaw) between the metal cores while the repulsive energy
results from the steric repulsive forces (E) between the ligand shells (Figure 11.1).
In a simple model, and in case of hydrophobic dodecylthiol-capped silver NCs,
Korgel et al. expresszs Evqw and E; as follows [12]:
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where d is the interparticle distance (center to center), 2R the diameter of the parti-
cles, I the length of the capping agent and o its surface per polar head group. A is
the so-called Hammaker constant taking into account the nature of the material and
k the Boltzmann constant. It should be noticed that it is a simplified picture of the
true interactions. The interaction with the substrate during the deposition process
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[13], the nature of the solvent (good or bad solvent of the capping agent) [14,15]
and the attractive interaction between the capping molecules (interdigitation or bun-
dling) [16] could also play important roles in the self-assembly process (see below).

11.2.1.1- Role of the substrate on the 2D assemblies made of inorganic
nanocrystals

Fig. 11.2. Transmission electron microscopy (TEM) image of silver NCs deposited on a) amor-
phous carbon; b) on HOPG in insert (TEM) pattern at higher resolution showing that the NCs are
organized in a hexagonal network.

The 2D self-organized film made of inorganic NCs can be obtained by direct depo-
sition of drops of nanocrystals solution on a solid substrate or carbon coated TEM
grid. In some case, controlled evaporation could also be used [17].

Influence of the roughness of the substrates

Figure 11.2 shows images of the same dodecylthiol-capped silver NCs deposited
on TEM grids coated either by amorphous carbon (Fig. 11.2A) or by thin sheets of
HOPG (Fig. 11.2.B). Silver nanoparticles were synthesized via reverse micelles
techniques and are characterized by a low size distribution (around 11%) [17]. Films
were obtained by depositing drops of a NCs solution on the transmission electron
microscopy (TEM) grid with a filter paper underneath. Using amorphous carbon as
a substrate, the ordering is local and the monolayers show vacancies (Fig. 11.2A).
2D organization of the same silver nanoparticles is improved on HOPG character-
ized by a low roughness, which favors the nanoparticle diffusion and thus their or-
ganization (Fig 11.2B). The organization acts over a long range in a hexagonal net-
work (see inset). The interparticle spacing is found to be around 2 nm, less than
twice the thickness of a dodecylthiol self-assembled monolayer on a flat surface.
This suggests some interdigitation of chains between neighboring particles. A siim-
ilar effect has been obtained with different materials including gold [11,18], cobalt
[19], platinum [20] or nanoalloys such as FePt [21,22] and CoPt [23,24].



Fig. 11.3. 2nm CoPt nanoalloys deposited on TEM grid coated with (A) amorphous carbon; (B)
thin sheets of HOPG. The compactness of the monolayers increases depending on the wettability
of the substrate.

Figure 11.3 shows TEM patterns of 2D films made from dodecylamine-coated CoPt
nanoalloys deposited, as previously, either on amorphous carbon (Fig. 11.3A) or on
HOPG (Fig. 11.3B). Here the nanoalloys were obtained by colloidal chemistry.
They are 2 nm in size with a low size distribution (11%) [25]. The effects of the
substrate on the organization was slightly different: the compactness of the mono-
layers increases as they are deposited on HOPG compared to the same NCs depos-
ited on amorphous carbon. However in both cases the hexagonal organization is
more local compared to larger (5 nm in diameter) silver NCs deposited on HOPG
(Fig. 11.2A). This decrease in the ordering is due to a decrease in the interaction
energy with the size of the NCs, as shown from Eq (1) and (2). The change in the
compactness of the film is likely due to a change in the wettability of the substrate
as the particle-substrate interaction does not change (carbon substrate in both cases).
This is again due to the roughness of the substrates: the hydrophobicity of the sub-
strate increases with its roughness [21]. Hence, with HOPG, the spreading of the
droplet is lower than on amorphous carbon, yielding more compact structures after
evaporation of the solvent.

Influence of the particle-substrate interaction

As seen previously, roughness and wettability of the substrates play important role
on the self-organization process in the case of chemical syntheses because of the
presence of the solvent. If we now consider different natures for the substrate, the
wettability and the particle-substrate interaction have to be taken into account.
Motte et al. notably reported dense and long-range organized monolayers made
from dodecylthiols-capped Ag,S (6 nm in diameter, 14% of size distribution) on
HOPG substrate when smaller monolayer island with a lower particle density are
obtained using MoS; as the substrate [13]. Moreover, 3D super-crystals made of
Ag,S NCs were observed in both cases. Nevertheless, they were isolated on the
substrate in the case of HOPG, whereas they were on the NCs monolayers in the
case of MoS; [13]. In both cases the roughness of the crystalline substrates was very
low and similar. Therefore roughness cannot be held responsible for this difference.
Wettability and particle-substrate interactions (which are not taken into account in
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the Korgel model) have to be invoked instead. When the solvent containing capped
NCs is deposited on the substrate, the whole surface is covered by the solution,
evaporation occurs and the film gets thinner. At one point the behavior differs de-
pending on the nature of the substrate: in the case of HOPG, the particle-substrate
interaction strength, F, is repulsive (F=-0.4 x 10" dyn) while it is attractive with
MoS; (F=2.2x 10 dyn). Thus, in case of HOPG, the substrate repels the nanocrys-
tals even though the interparticle forces are attractive: this yields compact monolay-
ers and, due to the capillarity effect during the evaporation process, isolated 3D
super-crystals. Conversely, with MoS; as the substrate, and because the particles are
subject to Brownian motion in the thin liquid film, they randomly collide with the
substrate. Since the particle-substrate interaction is stronger than the interaction be-
tween nanoparticles (-25 k7' compared to -1.25 kT), the NCs remain fixed on the
surface. During evaporation of the solvent, surface diffusion could occur, and be-
cause the interparticle forces are attractive, this yields low-density interconnected
monolayer domains separated by holes. Once MoS, is totally covered, the particle-
substrate interactions do not play any more role and 3D aggregates can be formed
by layer-by-layer growth.

Influence of the solvent on self-assembly processe.

One specificity of the chemical approach for self-assembly is the presence of a sol-
vent. NCs are formed chemically, capped with ligand molecules and dispersed in
solution [25]. Self-assemblies are then obtained by slow evaporation in presence of
a substrate or by deposition of a drop of solution on a TEM grid. We have already
seen that the wettability of the substrate plays an important role. However the sol-
vent interacts also with the ligands surrounding the NCs and since the cohesion of
the self-assembly results from the interaction between the organic chains surround-
ing the NCs, the way they are solvated (or not) by the solvent could also play an
important role. Furthermore, the inter-particle interactions could be strongly de-
pendent on the nature of the solvent. Figure 11-4 shows TEM patterns of the film
obtained with 2 nm in size CoPt nanoparticles dispersed in different solvents and
deposited on TEM grid coated by amorphous carbon.

Fig. 11.4. TEM patterns of CoPt nanoalloys deposited on TEM grid coated by amorphous carbon.
NCs are coated by dodecylamine and dispersed in (A) hexane; (B) 1-phenyl-octane; (C) toluene.
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It is clear that the solvent can strongly disturb the self-organization process. If we
compare hexane (Fig. 4A) and phenyl-octane (Fig. 4B), both are good solvents for
the chains and the dispersion is highly stable, however their volatility markedly dif-
fers as hexane is highly volatil (boiling temperature, Tooiling, = 68°C; viscosity = 0.3
mPa.s) compared to 1-phenyl-octane (Tooiling = 261°C; viscosity = 1.5 mPa.s). Fur-
thermore, the high viscosity of phenyl-octane hinders the diffusion of the NCs at
the surface in addition to the interdigitation between the ligands chains. As a result,
no self-organized films can be observed using 1-phenyl octane as the solvent. In the
case of toluene (Thoiling= 111°C, viscosity =0.6 mPa.s), 3D ordered self-assemblies
can be observed (with a fcc structure) but not 2D monolayers. The viscosity is sim-
ilar for toluene and hexane. Thus the diffusion is not responsible for this discrep-
ancy. Indeed, this is due to a difference in the solvation of the capping chains
[14,15]: Hexane is a very good solvent of the chains surrounding the nanoparticles
conversely to toluene. As a consequence the inter-particle interactions are strongly
modified (taking into account the vdW interactions between the ligands chains)
[16]. Modeling of the inter-particles interaction in solution has been performed on
similar systems including: (i) the van der Waals attraction between metallic cores;
(ii) the free energy of mixing of the ligands with the solvent molecules; (iii) the
elastic compression of these ligands [14]. It was shown that in toluene (a bad solvent
of the capping chains) the inter-particles interactions are more attractive than in
hexane (where in some cases, they can be repulsive) yielding some aggregation in
solution, and thus the formation of 3D networks instead of the 2D monolayers ob-
tained by using hexane as the solvent.
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11.2.2- 3D self-organization of inorganic nanocrystals: Superlat-
tices

Fig. 11.5. SEM pattern of platinum NCs deposited on silicon substrates: (a) supperlatice of plati-
num nanocubes, which grew up in solution and deposited on the substrate during the evaporation;
(b) HR-SEM image showing the self-organization of the nanocubes; (c) 3D superlattices made of
truncated platinum nanocubes, which grew up on polished silicon; (d) 3D superlattices made of
truncated platinum nanocubes, which grew up on rough silicon; (e) Magnification of (d); 3D film
grown by immersion of a substrate and controlled evaporation of capped platinum NCs dispersed
in toluene.

The assembly of NCs into extended 3D ordered superstructures has attracted much
attention in the field of nanomaterials, both for fundamental studies and for potential
devices. Chemical routes to self-assembly allows elaborating super-crystals with a
3D periodic organization of inorganic NCs. To our knowledge these is a specificity
of the chemical approach since no 3D supperlattice has been obtained yet by the
physical route. Since the NCs are dispersed in a solvent, it is easy to control the
concentration of the NCs and thus the inter-particles interactions (see above). The
crystallization of the 3D superlattice results from the arrangement of NCs in a peri-
odic lattice during a slow evaporation process in presence of a substrate.

Crystal growth from solution is based on the existence of spontaneous formation of
crystalline nuclei. The organization of nanostructures is based on the same general
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growth rule in which the driving forces are different [27]. As with classical nuclea-
tion theory, in our case the super crystals can nucleate either heterogeneously onto
the substrate or homogeneously into the colloidal solution itself [28]. In the nucle-
ation stage, the formation of a “super seed” leads to the change of free energy AG
defined by two contributions: (1) a bulk term, which expresses that the seed is more
stable than the supersaturated solution of NCs; (2) a surface term, which takes into
account the free-energy cost of creating a surface area of the new seed [29]. The
condition of equilibrium between the super crystal and the NCs allow determining
the nucleation energy barrier of the system, AGY, which depends on A, the differ-
ence in chemical potentials between the super crystal and the NCs [30]. The crystal
nucleation rate per unit volume, G, is given by the following expression, where « is
the kinetic prefactor, T the temperature and &, the Boltzmann constant:

o= Kexp(—AGN Ik, T )

For a growth from solution, the energy barrier for homogeneous nucleation,
AG™omo, s higher than the corresponding value, AGM., for heterogeneous sub-
strate-induced nucleation. Homogeneous nucleation occurs only when the solvent
evaporation rate is sufficiently slow. However, the nucleation barrier AG™omo can
also be overcome with some energetic input, for example through heating [31]. On
the contrary, the nucleation barrier AGN. is considered as being relatively low,
therefore it is easy to overcome but at the same time also more dependent on inter-
facial properties. A significant competition between the two nucleation modes leads
to aggregation of small superlattices in solution instead of the formation of super-
crystals on the substrate. Furthermore, the interaction energies between nanoparti-
cles, such as van der Waals and steric energies contribute to the free energy AG of
the system [14,15]. As a result, a modification of interaction can induce a change of
the growth process of super crystals. Thus, it is possible to tune the nucleation pro-
cess of the superlattices in order to obtain either 3D film growing on the substrate
(heterogeneous nucleation of the 3D superlattices, see for example Fig 11.4.C and
Fig 11. 5. C and D) or 3D superlattices growing in solution and deposited on the
substrate (homogeneous nucleation, see Figure 11. 5. A and B). Again there is no
specificity of nanoalloys in comparison with homoatomic inorganic NCs. If we con-
sider spherical NCs, the crystaline orientation are random and the whole pattern
should be isotropic with a translational order, as a consequence their self-organiza-
tion would probably result into compact packing structures such as face-centered
cubic (fce) or hexagonal close-packed (hcp). In order to obtain regular 3D superlat-
tices, also called super-crystals, control of the deposition process is required. For
this, the substrate (often silicon or HOPG) is directly immersed in the nanocrystal
solution and the solvent (decane or toluene having a high boiling point, i.e. 174°C
and 111°C, respectively) is allowed to evaporate. Solvent evaporation takes place
under a slow flow of nitrogen. Because of its high boiling point, evaporation is slow
and, depending on the substrate temperature (between 15°C and 50°C), this can take
between two days and three weeks. After the solvent has evaporated and regardless
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of the substrate temperature, scanning electron microscope imaging revealed a uni-
form film covering most of the substrate and with an average thickness of about 1
um (see Fig.11. 5. C). It corresponds to a 3D film of several super-crystals com-
posed of more than a hundred nanocrystal layers. The cracking behavior giving rise
to sharp edges is the result of surface tension stresses arising during evaporation
[32]. Control of the superlattice structure is not an easy task, and remains a work
in progress. However, we can take advantage of the nature of the ligand or of the
shape of the NCs to change the crystalline structure of the supperlattices. There is a
clear analogy between the superlattices made of inorganic NCs as building blocks
and the classical atomic crystals, even if the nature of the bond between the building
blocks is drastically different. The structure and the interactions of the 3D superlat-
tices can be characterized by associating different methods such as electronic mi-
croscopy, mainly electronic scanning microscopy at low (Fig 11. 5. a, c, d, e) or
high resolution to reveal the organization (Fig. 11. 5. b) but also, more recently,
electron tomography which can give a direct insight into the inner organization of
the 3D superlattices [33, 34]. Grazing incidence small angle X-rays diffraction
(SAXRD) can also be used to characterize the crystalline order of the 3D superlat-
tices [35]

Crystalline structure of the 3D superlattices: influence of the capping agent
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Fig. 11.6. Crystalline phase diagram of 3D self-assemblies made of silver NCs coated by a) do-
decylthiol; and b) decylthiol. The crystalline order is characterized by SAXRD on a 3D film grown
by immersion of a polished silicon substrate and after controlled evaporation of capped silver NCs
dispersed in decane.

In the last decades, it has been shown that it is possible to control the type of super
structures, either dense (hcp or fcc) or more open (body-centered cubic, bec) by
tuning the chain length of silver NCs capping agent [36]. This points towards the
key role of the capping layer interactions in the stacking of spherical silver NCs.
The relative ordering of the NCs in the 3D assemblies was investigated using
SAXRD. Super-crystals made of silver nanoparticles coated by dodecylthiols with
dense fcc or loose bee structures as well as disordered arrangements depending on
the deposition temperature (between 15 and 50°C) have all been identified (Fig.
11.6.a). These were attributed to equilibrium states, since they do not depend on the
solvent evaporation rate and remain stable with the same large scale ordering over
several months. When passivated by decylthiols (C10 chains) (with two fewer car-
bon atoms) the phase diagram is clearly different from that of Ag-Ci2 and only
shows hcp and fee structures (Fig. 11.5.b). This confirm the important role of the
capping agent on the 3D super-lattices structure as it mediates the interactions be-
tween the NCs considered as the building blocks.

Crystalline structure of the 3D superlattices: Influence of the shape of the NC.

Another way to control the structure of the superlattices is to use non-spherical fac-
etted NCs as building blocks. By experiencing anisotropic interactions, those NCs
generate peculiar packings reflecting the particle’s shape [37]. The development of
synthetic methods allows us to control the shape, size and size distribution of the
NCs [38] and thus to elaborate 2D or 3D superlattices with these anisotropic NCs.
Let us discuss an example of this effect by considering the 3D supercrystals shown
on Figure 11.5 [26]. Here supercrystals are made with either platinum nanocubes, 5
nm in size (Fig. 11.5 A and B) or with platinum cubo-octahedra (truncated
nanocubes) also 5 nm in size (Fig. 11. 5 C, D and E). For nanocubes, SEM meas-
urements showed cubic super-crystals that are mainly stacked in random positions
(Fig. 11.5A) or more rarely isolated on the substrate (inset of Fig. 11.5A). Their
typical lateral size is in the range of 0.5-2.0pum. Fig. 11.5 B shows the high-resolu-
tion SEM-FEG images of the nanocube organization in the simple cubic structure.
It clearly exhibits a long-range order across almost 1 um. In addition, in the HR-
SEM image, the cubic arrangement reveals stacking faults, which are likely due
either to local heterogeneities of the NC shapes or to a local perturbation of the
growth process. It has been confirmed by SAXRD measurements that the crystalline
structure is simple cubic with a lattice parameter around 8 nm [26]. If we now con-
sider cuboctahedra, SEM images show the formation onto the substrate of domains
of super-crystals having a pyramidal morphology with a square base (Fig. 11. 5D
and E). The normal to the substrate would be the (100) axis for pyramidal crystals.
The size of the pyramids is of 12 pm with a size distribution of 20%. The angle
between the normal to the substrate and the normal to the faces is around 45°.
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SAXRD investigations have shown that conversely to the case of regular
nanocubes, the diffraction spots correspond to specific orientations of pyramidal
super-crystals on the substrate [26]. Furthermore the SAXRD patterns are perfectly
accounted for with an fcc structure with a lattice parameter of a=11.1 nm. Consid-
ering the shape of the NCs, we should expect a simple cubic structure for both the
nanocubes and the cuboctaedra. The simple cubic structure is the most compact
structure possible with cubic NCs (truncated or not) and the stacking should obey
the rules of compactness already observed for spherical NCs. Actually, the fcc struc-
ture observed in case of cuboctaedra is surprising. Detailed analysis and modeling
have shown recently that the fcc packing, which for cubes has a lower density than
the simple cubic packing, is favored by the truncated nanocubes due to their Cou-
lombic coupling by multipolar electrostatic fields, formed during a charge transfer
between the ligands and the Pt cores [39]. Hence, we can see here both the effect of
the shape on the structure of the 3D superlattices and the role of the ligand (i.e. the
capping agent), which can change the structure of the superlattices.

The comparison between both cases shows also the difference in the nucleation pro-
cesses depending on the NC shape, which comes from a difference in the metal
core-core interaction. Those interactions are stronger for cubic NCs having only
(100) facets than in the case of cuboctaedra, which have both (100) and (111) facets.
As a consequence homogeneous nucleation is possible for nanocubes, whereas nu-
clei are not stable enough in the case of the cuboctaedra, giving rise to heterogenous
nucleation and thus to the pyramidal structure if roughless silicon is used as the
substrate.

3D superlattice: influence of the substrate

Figure 11.5. C shows a film of platinum cuboctahedra coated by dodecyl amine and
deposited on polished silicon. Conversely to the case where rough silicon was used
(Fig. 11.5. D and E), a large structureless film is obtained. As in case of 2D self-
organization (see above), this probably results from a difference in wettability of
the substrate in the case of heterogeneous nucleation. This favors the formation, on
rough silicon, of small island of 2D superlattices where nucleation takes places on
(100) facets yielding the pyramidal structure. Conversely, in the case of polished
silicon the hydrophobicity decreases resulting into large and compact monolayers
where the fcc superlattices can grow layer-by-layer without forming specific struc-
tures.

Another example of the effect of the substrate on the structure of 3D superlattices
is shown in Figure 11.7: 3D superlattices were grown from suspensions of silver
NCs. The process took place at the air-liquid interface, 5 mL of these nanoparticles
dispersed in toluene ([Ag] = 2.10° M) being kept in a beaker under a saturated tol-
uene atmosphere (see scheme in figure 11.7). After 7 days, flocculation of NCs oc-
curred at the air saturated toluene interface, resulting in a thin interfacial film [40].
With increasing time, additional nanoparticles from the suspension were attracted
by the first nanoparticles monolayer, thus inducing a progressive stacking of NCs
layers to reach formation of well-defined fcc superlattices as characterized by
SAXRD. The interfacial film, withdrawn using a tungsten ring, was deposited on
HOPG (Figure 11 7. A and B) or gold (figure 11.7 C and D) substrates. Depending
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on the wetting properties of the substrate, super-crystals of different morphologies
could be obtained. On HOPG the solution was spread over the substrate. After evap-
oration of the solvent, the formation of a mixture of films and individual super-
crystals with a well-defined triangular shape was observed. Gold presents a lower
hydrophobicity than HOPG, which explains why a droplet was formed and, after
evaporation of the solvent, individual super-crystals of well-defined triangular
shape (triangular) were oberved.

Fig. 11.7. SEM patterns of 3D superlattices made of dodecylthiol-capped silver nanocrystals ob-
tained at the air-liquid interface and deposited (see scheme) on different substrate: (A) and (B)
HOPG; (C) et (D) gold substrates.

3D superlattices: Influence of solvent

As seen above, the assembly of nanoparticles follows the same fundamental princi-
ple driving the crystallization of atomic or molecular crystals. The superlattices can
thus grow either heterogeneously on a substrate or homogeneously in solution. The
nature of the nucleation and growth process of superlattices depends not only on the
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interparticle forces but also on the kinetics of the process. Homogeneous nucleation
requires generally slow solvent evaporation that favors interparticle attraction. This
can be promoted further by the addition of a poor solvent in the solution or by the
presence of impurities [41,42]. Evidence has recently been provided about a change
of the silver nanocrystal superlattice growth mode in hexane from heterogeneous to
homogeneous character due to the presence of triphenylphosphine, coming from the
decomposition of the silver precursor [43]. This observation is in agreement with
simulations based on a Flory-type model, which shows that the interaction potential
between the silver nanocrystals in the presence of triphenylphosphine changes from
repulsive to attractive in hexane and more attractive in toluene (Figure 11.8).
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Fig. 11.8. SEM patterns of 3D superlattices made of silver nanocrystals coated by dodecanethiol:
A) dispersed in pure hexane; B) in a mixture of hexane and phophine; and C) in pur toluene. D)
Interaction potential between two silver nanocrystals (5 nmin diameter) coated by dodecanethiols
in different solvents (toluene, hexane and mixtures of hexane and phosphine). All potentials were
calculated at 25 °C.

11.2.3- 3D Binary superlattices

As shown before, there is no specificity of nanoalloys in the elaboration of the 2D
or 3D superlattices, however there is the possibility to elaborate crystalline aggre-
gates composed of one or more types of metallic or semiconductor or oxyde NCs
[44]. This recent development of superlatices studies was encouraged by the inves-
tigation of the gem opals structure, which are made of bidisperse silica particles
[45]. Nowadays, the self-assembly of nano-objects with various physical properties
is an elegant and cheap bottom-up approach allowing to design multifunctional ma-
terials at the nanometric scale. This may open new routes to nanostructured materi-
als with unique properties and these new nanostructured materials are of great in-
terest for the development of potential applications in opto-electronics, high density
data storage, catalysis, etc. We can consider this materials as a kind of super-alloy,
which refers to situations where the alloying process involves entire monoatomic
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NCs rather than atoms. Binary nanocrystal superlattices (BNSLs) can be described
as materials made from the periodical arrangement of nanocrystals of different na-
ture or size [46]. Moreover, the highly ordered structure and well-defined stoichi-
ometry of the BNSLs permit a precise control of their properties. Hence, over the
last decade, numerous BNSLs from metallic, metal-chalcogenide and metal-
halogenide nanocrystals have been elaborated [47,48, 49] and a large number of
binary materials with emergent properties in electronics [50], magnetism [51,52],
optics [53] and catalysis[54] have been reported.

The mixture of binary nanoparticles is often presented as a mixture of hard particles
yielding to a more densely packed that the pure 3D packing of nanoparticles: the
second component often occupies an instersticial position in the compact structure
(mainly fcc) of the first components. In entropy-driven crystallization and in the
hard-sphere approximation, it is possible to predict the binary structures that are
thermodynamically stable [55]. Thus there is two important parameters that can de-
termine the possibility of formation of BNSLs with A and B components differing
by their size: the radius ratioy = Rg/Ra with Ry > Rg and the stoichiometry x =
ng/(na+ng). As a result the packing symmetry mainly depends on y parameter. It
should be noticed that in the case of capped nanoparticles the length L of the hydro-
carboned chains surrounding the nanoparticles has to be taken into account as well,
and the parameters y becomes . = (Rg+Lz)/(Ra+La). The ratio y allow to determine
the domain of stability of the different structure. (Figure 11-9)
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Fig. 11.-9 -Structural diversity of binary nanocrystal superlattices and low packing density predic-
tions for most observed phases. (a) Models of 12 commonly observed binary arrangements show-
ing larger A spheres in green and smaller B spheres in orange. Unit cells with AB, AB,, AB3, ABs,
ABg, and AB; stoichiometry as well as the structural motifs of Archimedean tiling (AT) and do-
decagonal quasicrystal (DDQC) configurations are shown; (b) Plot of density vs size ratio for
spheres packed in these arrangements. Overlay: data points showing phases observed in several
BNSL studies using reported effective size ratios and densities predicted using sphere-packing
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models. Most observed BNSLs appear to be open arrangements compared with close-packed mon-
odisperse hard spheres (dotted line). [reproduced from ref 55 with permission].

However, even with this correction, the entropic model is not perfect and some ex-
perimental data do not agree with it. This could be due to a ligand effect depending
of the molecular structure of the ligands. These thermodynamical effects are due to
the short range soft repulsive interaction between the ligands [46]. It was notably
reported that the crystalline structure of binary superlattices could depend also on
the nature of the ligands [56].

Usually the methods to produce 2D or 3D binary superlattices are similar to those
presented above. They have been successful to produce binary superlattices with
different structures [57-59]. They are in general obtained in organic solvents and
the attractive interactions between the nanocrystals (see above) limit the number of
super-alloys and maintain their structure to compact lattices. Depending on their
relative size, those can form binary 3D superlattices with precisely controlled stoi-
chiometry and symmetry. As example Pileni et al. demonstrated that for binary su-
perlattices made from colloidal cobalt and silver nanoparticles, the Ag/Co nanopar-
ticle size ratio is the dominating factor in the formation of binary nanoparticle
superlattices [60]. Figure 11.10 reported the different structures of binary superlat-
tices obtained by self-assembly of silver and cobalt nanocrystals differing by their
size. In agreement with the classical entropic model [55], the ratio y governs the
crystalline structure, even with these hydrocarbon-coated nanoparticles. However it
was also shown that regardless of the relative ratio concentration of Co and Ag na-
noparticles, the deposition temperature markedly changes the crystalline structure
of binary superlattice.

Evidence has also been provided about the formation of binary 3D superlattices
made of gold and silver NCs (5 nm in diameter) and having a diamond-like lattice
[61]. The remarkable point is that these 3D binary superlattices have been obtained
in polar solvent with NCs interacting via electrostatic forces (two types of NCs
charged positively and negatively, respectively).
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Figure 11.10: TEM images of binary nanoparticles superlattices formed under different values of
the size ratio, keeping the other conditions constant (temperature, concentration ratio). [With per-
mission of reference [60])
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Besides metallic nanoparticles, different species of nanoparticles can be mixed, as
thus obtained by mixing monodisperse colloidal semiconductor nanocrystals (PbS,
CdSe, PbS/CdS; 4-11 nm) and giant polyoxometalate, POM. Again the crystalline
structure are rationalized on the basis of dense packing principles of sterically sta-
bilized particles with predominantly hard-sphere like interparticle interactions. By
varying the size-ratios and relative concentrations of the constituents, the authors
obtained known thermodynamically stable binary packings of hard-spheres such as
NaCl, AlB,, and NaZn3 lattices and also CaCus-type lattice and aperiodic quasi-
crystals with 12-fold symmetry [62].

Recently Breitwieser et al. report modulation of the magnetic properties of super-
lattices by using giant polyoxometallate as a spacer in the superlattices of magnetic
nanocrystals [63]. They formed BNSLs made of 2.9 nm {Mo;3,} POM mixed with
maghemite (y-Fe,O3) nanocrystals of 6.3 nm in size. In this case, conversely ex-
pected only AB structures were obtained. This confirms that the additional soft in-
teraction between the ligands have to be taken into consideration. These experi-
mental results obtained with similar systems illustrate the complexity of of
modeling the structure of BNSLs.
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Figure 11.11. (a) FEG-SEM image of a DDA-{Mo132}/OA-g-Fe203 coassembly on HOPG
(scale bar: 100 nm); (b) Energy dispersive X-ray spectroscopy from (a); (c) Typical TEM image
of [111]-projected AB-type binary superlattice from a close-packed bi-layer of MNCs (scale bar:
50 nm); (d) Higher magnification TEM image of the AB-type binary superlattice (scale bar: 10
nm) together with the corresponding crystallographic models. [with permission
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Despitesthe difficulties in their elaboration, these binary superlattices allow com-
bining different NCs with different properties and may open new routes to
nanostructured materials with unique properties.

11.3 Physical routes

As discussed in section 2, chemical routes have developed several tricks to narrow
the natural size distribution and to obtain two-dimensional or three-dimensional ar-
rays of mono or bimetallic nanoparticles. However, the presence of capping agents,
mandatory for the self-organization process, can be a severe drawback for dedicated
applications as catalysis. Moreover, the absence of epitaxial relationship with the
substrate hinders the crystallographic orientation of the particles and does not allow
using the epitaxial strain to tailor their properties. For example, it has been shown
that the substrate induced strain could stabilize ordered alloys of immiscible ele-
ments [64], giving rise to completely new phase diagram at the nanoscale [65].

In this section, we show how a physical method, i.e. using physical vapor deposition
on surfaces under vacuum, can also lead to self-organized nanoparticles, either
mono or bimetallic. After a brief overview of the comparison between state-of-the-
art top-down and bottom-up approaches for the specific case of bimetallic nanopar-
ticles, we develop the concept of template surfaces and their use for the growth of
ordered nanoparticles. While the most of the works in this field have focused on
monometallic cases, we give few examples of bimetallic growth, either homogene-
ous alloy or core-shell nanoparticles. Finally, we give an overview of other physical
techniques that can lead to original ordered arrays of bimetallic nanostructures.

11.3.1- Self-assembly versus top-down approaches: an overview

The top-down fabrication of nanostructures makes rapid progress and will soon
meet length scales so far only accessible by bottom-up techniques. Advantages and
disadvantages of the two approaches are evident. While the former enables arbitrary
nanoparticle composition, shapes, and spacing, the latter is restricted to periodic
particle patterns created by using template surfaces for the self-assembly. However,
any lithographic techniques requires the use of masks, resists, or the transfer of pat-
terns which might lead to chemical contamination that is absent in self-assembled
particles.

Figure 11.12 shows nanostructure superlattices created by top-down approaches in
the upper row compared with bottom-up approaches in the lower one. X-ray inter-
ference lithography (XIL) with extreme ultra violet (EUV) light was used to fabri-
cate square lattices of Ni dots with 71 nm pitch, 55 nm diameter, and 40 nm height,
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see Fig. 11.12a [66]. The technique used grating masks for the X-rays to create
multiple beams generating an interference pattern on the polymer resist forming
holes on the exposed areas that in the present case were filled by Ni using electro-
chemical deposition. Evidently, this filling can also be achieved with alloys or in
sequences of several elements [67]. The technique is parallel, in the sense that the
entire pattern is obtained on the resist with a single illumination. However, the grat-
ing mask has to be fabricated by e-beam lithography, therefore sequentially. Com-
pared to e-beam lithography, the absence of proximity effect enables a very small
spacing between the nanostructures. As an example of alloyed based nanoparticles,
EUV-XIL could produce 50 nm CoPd multilayer capped SiOx pillar arrays [68].
The ultimate resolution obtained is continuously improving, from 16 nm pitch [69]
to 7 nm and below in the past years [70].
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Fig. 11.12. a) XIL using 13 nm light to produce a superlattice of Ni dots with 55 nm diameter and
40 nm height, 1.0 ym scanning electron microscope (SEM) image [reproduced from ref 46 with
permission]. b) 300 nm SEM image of square array of TiAu dots created by nanoimprint lithogra-
phy [reproduced from ref 51 with permission]. c) 500 nm SEM images of Au (left) and Al (right)
dots with 50 nm diameter and 100 nm pitch, as well as 25 diameter Au dots with 50 nm pitch
(below) produced by nanostencil [reproduced from ref 52 with permission]. d) 10 zm magnetic
force microscopy image of close packed monolayer of spherical polystyrene particles with 310 nm
diameter covered by (0.3 nm Co 0.8 nm Pd)8 multilayer on 3 nm Pd seed layer [reproduced from
ref 53 with permission]. e) 100 nm STM image of self-assembled Au/Pd particles obtained by
deposition of 0.05 ML Pd seed followed by 040 ML Au at room temperature onto an
ALO3/NizAI(11 1)—(\/67 X \/67) surface [reproduced from ref 54 with permission]. f) 70 nm STM
image of Co-core Fe-shell islands self-assembled on Au(11,12,12), pitch 7.2 nm along steps, 5.8
nm perpendicular.

Nanoimprint lithography molds into PMMA resist which is then developed by re-
active ion etching taking away selectively the parts that have been compressed by
the mold thus creating holes in the resist where the mold had protrusions. Subse-
quent metal deposition and lift-off leads to a pattern of metallic dots, such as the
one shown in Fig. 11.12b. The dots consist of a 5 nm Ti layer recover by 15 nm Au,
they have a diameter of 25 nm and the lattice has a pitch of 120 nm. This example
is taken from the paper introducing this technique [71] in order to illustrate the res-
olution that could be already obtained at that time; more recent examples can be
found in [76] and a review in [77]. Again, this technique is parallel and requires the
fabrication of a mold in a serial process. A more direct technique is nanostencil,
where a mask with the desired hole pattern is positioned in close proximity over a
surface while exposed from the back to the atomic beam of the material to be de-
posited. Figure 11.12¢ shows 50 nm diameter Au and Al dots with 100 nm pitch,
and, in the lower panel, 25 nm Au dots with 50 nm pitch [72]. In principle, the mask
can also be scanned over the surface while depositing.

Colloid monolayer lithography [78] uses monodisperse colloid spheres that are as-
sembled into a close packed monolayer that is either used as mask and then removed
[79], or decorated from the top as shown on our example in Fig. 11.12d [73]. The
fabrication of the colloidal particles is to a large extent top-down while the self-
assembly of the monolayer is a bottom-up process. In our example the particles have
been covered by a CoPd multilayer that is magnetically not connected between the
individual particles, as demonstrated by the contrast in the magnetic force micros-
copy (MFM) image. Such a technique has been pushed far with FePt alloys to real-
ize bit-patterned media for magnetic recording [80], but has not been transferred to
a practical device level due to difficulties in the reliability and the scalability. The
next example (Fig. 11.12¢) shows a pure bottom-up approach for the fabrication of
a hexagonal lattice of Pd-seeded Au particles with a pitch of only 4.2 nm using an
AlLOs film grown on a NizAl(111) surface as template [74]. The template function
of this surface has been revealed in [81] and its structure has been identified as an
oxide double layer with corner holes going all the way to the metal substrate [82].
These holes can be filled with Pd but due to the step edge barrier not with Fe, Co,
or Au, thereby explaining why Pd seeding is needed to grow well-ordered superlat-
tices of these elements. The final example (Fig. 11.12f) shows Co-core Fe-shell is-
lands self-assembled on a Au(11,12,12) surface that provides a lattice of 7.2 nm x
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5.8 nm nucleation sites created by the crossing of the partial surface disclocations
of the Au(111) terraces with the steps [83]. Best order is achieved by depositing the
Co core in 4 steps of 0.15 ML deposited at 150 K and annealed at 400 K. The 0.3
ML shell is deposited at 200 K with annealing to 300 K [75].

11.3.2- Self-organized nano-alloys on nanostructured crystalline
substrates

11.3.2.1- Nanostructured crystalline surfaces as templates

In order to get a naturally ordered growth on surfaces, the basic idea is to start from
a patterned surface that will serve as a template for a subsequent growth. Although
this patterning can be obtained from lithographic techniques [84], the realization of
nanometer size clusters on very dense arrays (typically below a periodicity of 10
nm) requires naturally patterned surfaces, also named self-organized crystalline sur-
faces. A broad range of materials and surface science phenomena can display
mesoscopic periodic surface patterns and can therefore be suitable for subsequent
ordered growth. Most of the early studies have focused on metallic surfaces [85]
with the well-known Au(111) reconstructed surface [86]. More generally, the misfit
parameter between a substrate and an ultrathin overlayer very often leads to a net-
work of surface dislocations with patterns and periodicities depending on each sys-
tem. The control of the period is rather delicate on these surfaces although it is
clearly linked to the misfit parameter [87]. A clever way to vary continuously this
period is to use a surface alloy with different concentrations to modify the misfit
parameter following the Vegard law. Fig. 11.13a shows such an example of a dis-
location network of a Au,Ni,. surface alloy on Ni(111). By changing the amount of
Au on the surface and therefore the Au concentration of the surface alloy after an-
nealing, it has been shown that the period can be varied continuously from 5 nm to
2.5 nm [88]. A drawback of these heteroepitaxial structures is that it is very difficult
to obtain homogeneous patterns over a macroscopic surface, because of local fluc-
tuations in coverage and defects like step edges. To circumvent this issue, it has
been proposed to use vicinal surfaces, possibly together with dislocation networks,
as Au(788) shown in Fig. 11.13b. This way, one can obtain nanometer scale pat-
terned surfaces with coherency over a macroscopic scale, suitable for long-range
ordered growth [89]. It is also worth noting that the periodicity perpendicular to the
steps can be easily changed by choosing a different miscut angle. The principles
and underlying physical processes of ordered growth on these two kinds of systems
will be detailed in the next section.

Self-organized crystalline surfaces can also be made out of different materials like
insulating layers, graphene sheets and molecular layers. Fig. 11.13c shows the sub-
monolayer nitruration of a Cu(100) surface obtained by a controlled exposure to
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atomic nitrogen. Due to strain relief in the surface layer, the ¢(2x2) copper nitride
islands (appearing darker in the STM image) self-arrange in a square lattice with a
5 nm periodicity [90], which can be used for the subsequent growth of ordered me-
tallic clusters at room temperature due to a very different sticking coefficient be-
tween nitride parts and bare copper parts [91]. In order to obtain a true electronic
decoupling from the substrate, ultrathin insulating layers showing mesoscopic order
can also be used, like in the case of Fig. 11.13d displaying the surface of a 2 ML
alumina films on a Ni3;Al(111) surface. This very regular pattern is due to the com-
plex ALO; atomic structure and its epitaxial relationship with the underlying sub-
strate. It has been studied in details both by STM [82] and AFM [92]. It was shown
that some adatoms like Pd or Pt can be trapped at room temperature on this regular
lattice, giving rise to a nucleation seed for subsequent ordered growth, as shown in
Fig. 11.8e where impressive arrays of monodisperse Au,Pd; nanoparticles have
been realized for future catalytic studies [74]. More recently, two-dimensional ma-
terials have also been proposed as templates for ordered growth. Firstly, epitaxial
graphene on metals has been actively revisited for such a purpose [93,94]. On
Ir(111), it was shown that a single domain moiré pattern can be obtained over at
least several micrometres scale, irrespective of surface defects like step edges, as
shown in Fig. 11. 9e [95]. More recently, ordered clusters of magnetic materials of
interest like Ni [96] and Sm [97] have also been obtained with such moiré structures.
Secondly, hegaxonal boron nitride on metals also shows moiré lattices of nanometer
scale that can be used for ordered growth. At least Ir, C and Au depositions displays
regular arrays of rather monodisperse clusters [98]. Another very active research
area to achieve two-dimensional templates is the two-dimensional supramolecular
chemistry with the goal to achieve fully controlled molecular networks adsorbed on
a substrate. A nice organo-metallic example is shown in Fig. 11.13f, obtained by
the deposition of NC-Ph3-CN linkers and the subsequent deposition of Co atoms
on Ag(111) [99]. By adjusting accurately the amount of molecules and Co atoms on
the surface, it is possible to form at least micrometer size domains of ordered mo-
lecular pores. A great advantage of these new self-organized surfaces is the possi-
bility to change easily the lattice period with different linkers, typically in the range
3 to 7 nm pore diameter [100]. Depositing Co [101], Fe [102] or Bi [103] on such a
template can indeed constrain the diffusion and therefore limit the nucleation and
the size of the clusters. However, a drawback of such organo-metallic networks is
that most of metals show a tendency to interact with the molecular moieties, what
can affect the organization of the lattice. It is therefore more useful to organize or
confine other molecules. It is worth noting that inorganic chemistry has also devel-
oped in the last decades numerous molecules with small clusters of metallic ions
like Fes or Mn,, that have interesting magnetic properties and can be also self-as-
sembled on surfaces [104].

Although the physical mechanisms driving a mesoscopic ordering on surfaces are
of high interest and still under investigation, our goal here is to show how to use
such patterned surfaces for self-assembly of nano-alloys. In fact, as already shown
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in Fig. 11.12, most of the surfaces of Fig. 11.13 have served for such a purpose with
various simple materials. For example, the Au(788) surface has been used for the
growth of two dimensional lattices of Co[88], Ce, [106], Ag and Cu [107], Fe [108],
etc. In very few model systems, the atomistic mechanisms responsible for ordered
growth have been studied in detail [109,110], and the temperature dependence of
the growth on patterned substrates has been analyzed [111]. In the following, we
explain the basic concepts leading to ordered growth and our present understanding
of such phenomena. We also discuss the specificity of making ordered bimetallic
alloys, either in core-shell or mixed geometry, although experimental works are still
scarce. It is worth noting that an important condition in order to obtain ordered
growth is that the surface patterns should remain unaffected by the growth process.
Considering the complexity of surface science phenomena, this issue point is not
trivial and remains generally difficult to predict. This hypothesis will be assumed to
be true in the following, although, few examples of self-organized surfaces modi-
fied during the growth of nanostructures have been reported [112,113].
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Fig. 11.13. a) 20 nm STM image of a network of misfit dislocations on a AuNi surface alloy
created by the deposition of 0.35 ML of Au on Ni(111). Image taken from figure 11 of reference
[reproduced from ref 67 with permission] b) 150 nm STM image of a Au(788) vicinal surface. The
distance between step edges is 3.8 nm and can be controlled via the miscut angle. The period of
the reconstruction perpendicular to the step edges is 7.2 nm. ¢) 100 nm STM image of a Cu(100)
image covered by 0.45 ML of atomic nitrogen arranged in self-organized 5 nm squares of a c(2x2)
structure. d) 36 nm STM image of a Al,Os bilayer on NizAl(111). The period of the surstructure is
4.13 nm [105]. Courtesy of C. Henry, CiNaM, Marseille, France. ) 125 nm STM image of a
graphene layer on Ir(111). The period of the hexagonal moiré pattern is 2.5 nm. Image taken from
figure 3 of reference [reproduced from ref 74 with permission]. f) 65 nm STM image of a two-
dimensional molecular network on Ag(111). The mean inner diameter of molecular pores is 3.4
nm. Image taken from figure 2 of reference [reproduced from ref 98 with permission].

1.3.2.2- The principles of ordered growth on nanostructured surfaces

Nucleation and growth of islands on surfaces has been extensively studied for many
years and they are reviewed in articles or books [84,114]. Atoms are deposited from
a vapor pressure onto a surface such as in the common case of solid on solid models.
In case of adatoms moving on a homogeneous substrate (what we call homogeneous
growth), the process is well described by a mean field theory and is essentially de-
termined by atomistic parameters for surface diffusion and binding energies of ada-
toms to clusters. Values for these parameters may be determined by comparing scal-
ing predictions with suitable experimental measurements [115]. A key experimental
quantity for such a comparison is the cluster density versus the temperature that can
be easily determined from variable temperature STM experiments. In the regime of
complete condensation which is generally relevant for metal on metal growth at
room temperature, re-evaporation of adatoms from the substrate onto the vapor is
negligible. The logarithm of the cluster density as function of the inverse of tem-
perature (Arrhenius plot) gives a straight line with a slope directly proportional to
the diffusion energy Eq. This is valid in the case of stable dimers on the surface i.e.
critical cluster size i=1 (i is defined as the atomic size of the biggest unstable clus-
ter). At higher temperature, the critical nucleus size generally increases and this
leads to a higher slope. Such behavior is also found in Kinetic Monte-Carlo (KMC)
simulations. The advantage of a KMC simulation is that it goes beyond the mean
field approximation which is known, for example, to overestimate the islands den-
sity. Another key quantity measurable experimentally and by KMC simulations is
the size distribution which is found to be independent of temperature (cf. Fig.
11.14f) but narrows down when i>1 [116].

The nucleation and growth on heterogeneous surfaces such as the ones of Fig. 11.13
can also strongly narrow the size distribution. There are typically two kinds of
mechanisms to get an ordered growth regime. The first one is that adatoms are re-
pelled by an extended energy barrier that defines a unit cell. This is the case of most
dislocation patterns (Fig. 11.13a), molecular networks (Fig. 11.13f) and certainly of
moiré on graphene (Fig. 11.13e). The second mechanism is that some ordered
atomic sites on the surface can be preferential for nucleation like on Au(788) (Fig.
11.13b) and AlxO; films (Fig. 11.13d). Surprisingly, these two processes give rise
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to the same results, as demonstrated in details for the case of Ag growth on 2 ML
Ag/Pt(111) (Fig. 11.14a and b) and Co growth on Au(788) (Fig. 11.14c and d). Let
us develop the second one, following a mean field point defect model [117,110].
Starting from rate equations for diffusion (E4=0.12 eV) and nucleation of n-mers on
a surface with a regular mesh of atomic traps (E=0.7 eV), the typical simulated
curve of the logarithm of the critical cluster density versus inverse temperature is
shown in Fig. 11.14d [111,114]. For the lowest temperature, no variation is found:
the clusters density is constant with temperature. This corresponds to a low diffu-
sion regime called "post-nucleation" [85] when adatoms hardly diffuse on the sur-
face and are stable. Between 45 K and 80 K, a linear decrease of the cluster density
with temperature in an Arrhenius plot is found. At such low temperatures, the ada-
toms mean free path on the surface is lower than the mean distance between traps.
This regime is identical to the homogeneous growth and slope of the Arrhenius plot
is Ea. Above the temperature threshold 7o, the system displays the ordered growth
regime. The maximum cluster density is constant, equal to the density of traps. The
value of T is therefore determined via Eq and the traps density n:. The ordered
growth occurs until 7, as long as the typical energy E: is sufficient to stabilize an
adatom in a trap until a dimer nucleates. Above T, the critical island density de-
creases dramatically with temperature. The slope is higher than a simple homoge-
neous growth regime. Such a high value is mainly due to the long time spent by
adatoms in traps. The effect of traps is then to reduce the effective diffusion length
of adatoms [111]. Eventually, the mean field calculations including traps give a
qualitative understanding of the ordered growth. Small diffusion energy and high
trapping energy are the main ingredient to get an ordered growth over a large tem-
perature range.

We now focus on the other key point of ordered growth, which is the achievement
of narrow size distributions. Unfortunately, the mean field approach of the previous
model cannot give any idea about the island size fluctuations during the nucleation
and growth processes. Although Amar and Family [116] have proposed a phenom-
enological model for homogeneous growth, very little is known for the growth on
heterogeneous substrates, especially for ordered growth. In order to obtain some
information on these size distributions, KMC simulations can be performed [111].
Some results of these simulations are shown in Fig. 11.14e and f, which are for the
case of a surface prestructured with a rectangular array of traps and a homogeneous
surface. The homogeneous growth size distributions are perfectly reproduced by the
Amar and Family model [116] for the case i=1 and show typical Full Widths at Half
Maximum (FWHM) of 110%, whatever the temperature. In the case of ordered
growth on a prestructured surface, the size distributions are narrower and are almost
constant with temperature in this range. The FWHM for n=1/200 and a coverage of
0.1 ML is typically 50%. Interestingly, these size distributions are very well fitted
by simple binomial distributions, as also shown for the case of growth on misfit
dislocation patterns (see Fig. 11.14a) [109]. It is worth noting that simulations on
randomly distributed atomic traps show a broadening of the island size distribution
due to the distribution of traps Voronoi area. Consequently, the FWHM of the size
distribution is generally limited to the perfectness of the traps array for a given cov-
erage. In addition, for a perfect trap array, the intrinsic statistical limit to the size
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distribution can only be reduced by increasing the coverage and/or using a surface
with a lower trap density (larger Voronoi cells) [109].
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Fig. 11.14. a) 110 nm x 130 nm STM image of 0.1 ML of Ag deposited at 110 K on a misfit
dislocation network, 2 ML Ag/Pt(111). b) Experimental Arrhenius plot (dots) with Kinetic Monte-
Carlo simulation (full line) of the cluster density on the surface. c) 60 nm STM image of 0.2 ML
of Co deposited at 130 K on the Au(788) surface. d) Arrhenius plot of the cluster density calculated
by Kinetic Monte-Carlo simulations in the case of point defect nucleation with a trapping energy
of 0.8 eV and a diffusion energy of 0.12 eV, corresponding to the experimental case of
Co/Au(788). e) and f) Normalized size distributions at two deposition temperatures in the ordered
growth regime (e) and the homogeneous growth regime (f), calculated by Kinetic Monte-Carlo
simulations.

11.3.2.3- The specific case of bimetallic core-shell islands

For many elements the preparation of bi-metallic core-shell islands is non-trivial
due to the tendency of insertion into the substrate or core, and the Ehrlich-Schwdbel
barrier inhibiting descent of the shell element arriving on the core. Examples for
islands with core-shell structures are illustrated in Fig. 11.15a-c.

The two first cases start from the ordered growth of Co on the herringbone recon-
struction of the Au(111) surface. In Fig. 11.15a, Co dots (ordered white dots) of size
2-3 nm (0.35 ML) are surrounded by a Au capping (0.4 ML, light gray in the image).
This case is rather favorable as Co and Au are immiscible elements and the Au
surface energy is far lower than the Co one. Moreover, thermodynamics and kinetic
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effects impose that the Co clusters are two layers high whereas the Au capping hap-
pens layer by layer [118]. It is therefore possible to control gradually the building
of the complete Au shell and to link the structural and magnetic properties of such
core-shell nanostructures [119]. It is also possible to circumvent thermodynamics
by freezing the kinetic to obtain Co-Pt core-shell particle, like in Fig. 11.15b. The
substrate is again Au(111) but the capping of the Co dots (0.5 ML) is now done with
Pt. Whereas Co and Pt have a strong tendency to mix, it is possible, by deposition
at room temperature to obtain a Pt annular structure around every Co nanostructure
and compare, for example, their magnetic properties with the Co-Au case [120]. To
demonstrate that playing with kinetic processes can lead to almost any desired struc-
ture, we show in Fig. 11.15¢ the reverse core-shell structure, i.e. Pt core with a Co
rim. As Pt deposition on Au(111) does not lead to ordered growth [113], Pt is here
deposited on Pt(111) and the nucleation is random. The desired density and size of
the core are then defined by the Pt deposition temperature and coverage. At the
experimental deposition flux of F =0.02 ML/min Pt/Pt(111) the desired density of
ny = 2.5 x 10 islands/unit cell forms at a Ty, = 200 K, as inferred from inserting
the diffusion barrier and pre-exponential factor of that system [121,122] into the
scaling laws of nucleation [115]. However, limited mobility along steps gives rise
to fractal island shapes for that system up to Ty, = 400 K [123]. In order to get a
compact core the islands have to be annealed. This also leads to coarsening implying
a slightly lower deposition temperature for the first step. The ideal parameters for
Pt/Pt(111) are deposition at 170 K, followed by annealing at 770 K leading to com-
pact monolayer Pt islands with a quasi-hexagonal thermodynamic equilibrium
shape [123]. A two to three atoms wide rim is created around the Pt core by depo-
sition of 0.15 ML Co at 220 K, (cf. Fig. 11.15c). In the STM images, Co and Pt can
be discerned by their apparent height difference of about 30 pm. The Co deposition
temperature has to be chosen high enough to inhibit nucleation of Co islands be-
tween and on-top of Pt islands. The first requirement is less stringent, one readily
achieves 1, co << npi.core, While the second requirement is in conflict with Co insertion
into the Pt(111) surface starting at 180 K. The probability of second layer nucleation
is essentially given by the Ehrlich-Schwobel barrier [124-126] and has to be suffi-
ciently low. Co insertion in the presence of Pt adatom islands takes place at slightly
higher temperatures since the islands reduce the tensile stress of the Pt(111) surface.
The temperature range constituting the best compromise between avoiding insertion
and second layer nucleation is for the present system 200 K < Tgep o< 260 K [127].
Figure 11.15¢ shows that Co islands only occasionally grow on-top of the largest Pt
islands.



Fig. 11.15. STM images illustrating the realization of self-assembled core-shell, alloyed or pure
nanoparticles a) Au(111) (50 nm, ®¢, =0.35 ML, ®4, =04 ML). (b) Au(111) (100 nm, O¢, = 0.5
ML, Op = 0.5 ML). (c) Pt(111) Co deposition at 220 K allows to decorate the Pt cores with thin
Co rims (87 nm, Tgep,p = 220 K, Op = 0.25 ML, O, = 0.15 ML). (d) Alloy of 80% of Co and 20%
of Pt (100 nm, ® = 0.3 ML). (¢) Sm nanoparticles on graphene on Ir(111) (75 nm, T, = 110 K, ®
=0.08 ML). (f) Sm single adatoms on graphene on Ir(111) (65 nm, Ty, =48 K, ® =0.01 ML).

Figure 11.16 illustrates the energy profile of a Co atom diffusing from the Pt core
(left) over the Co rim down to the Pt terrace (right). The diffusion barriers on the
Co(0001) and Pt(111) and faces differ slightly, however, the most important differ-
ences are the binding energies on both faces and the resulting barriers at the Co/Pt
interline. Close inspection of Fig. 11.11d reveals that all the second layer nuclei are
formed on the Pt side of the Pt/Co interline. This implies that the energy barrier of
this line is higher for Co atoms coming from the Pt core than for the ones coming
from the Co rim. This can only be achieved by a higher binding energy for single
Co atoms on Pt than on 1 ML Co/Pt. Atoms landing on the Co rim can therefore
reach the Pt core, or descend the Ehrlich-Schwobel barrier to the Pt terrace below,
while atoms arriving on the Pt core are confined there and back-reflected at the
Co/Pt interline, where they have an increased density enhancing the likelihood of
island formation at this location [128]. Co atoms coming from the Pt terrace attach
to the rim and do not move up onto the Co monolayer rim. Note that at the beginning
of the Co deposition, the Co atoms landing on the Pt core have to descend the Pt
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edge towards the Pt terrace and overcome the respective Ehrlich-Schwobel barrier
not shown in Fig. 11.16.

E A

Fig. 11.16. Energy profile for a Co atom (blue) diffusing on a Pt core (gray) surrounded by a Co
rim (blue) adsorbed onto a Pt(111) terrace (gray). Binding energy points down, the kinetic energy
E to overcome the barriers points up. Right Ehrlich-Schwdobel barrier from Co ML down to Pt
terrace; left: Pt/Co interline barrier.

The fact that the binding energy of Co on the Co rim is lower than on the Pt is only
valid for single atoms, larger amounts of Co must be more stable on-top of Co since
annealing of monolayer islands leads to the formation of double layer islands.

The principle outlined above for Pt-core Co-shell islands on Pt(111) has been used
to evidence large magnetic anisotropies of step atoms [129], and has been trans-
ferred from Pt-core Co-shell islands to Co-core Au-shell islands on Au(111) [119]
and Co-core Fe-shell islands on Au vicinal surfaces, see Fig. 11.12 above [75]. Re-
cently, it has been used to reveal magnetic interline anisotropies for Fe/Co, Pd/Co
and Pt/Co [130].

Bimetallic alloy islands with arbitrary composition can be created by co-depositing
the two elements with the respective deposition fluxes. However, since each ele-
ment has its own terrace diffusion barrier, varying the deposition fluxes also
changes the particle density and therefore size. Using self-organized surfaces is a
way to limit this density change as function of composition as the density of nucle-
ation sites is predefined by the substrate. Fig. 11.15d shows a typical example of
such a sample where Co and Pt have been codeposited on Au(111) [131]. The mor-
phology is indeed very different from the sequential deposition (cf. Fig. 11.15b).
Although the study of magnetic properties confirm that the nanostructures are
mainly alloyed, we can still observe different morphologies, i.e. mono or bilayer
islands (orange and yellow colors in Fig. 11.15d). Indeed, each element has its own
barrier for diffusion along the atomic step of its own, the other element, or along a
bi-metallic step, and therefore it can induce local variation of the concentration in a
given element, giving rise to change in the morphology. Since low-coordinated step
atoms often determine the magnetic and chemical properties, composition depend-
ent studies require composition independent morphologies. This can be achieved by
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using cores as nucleation sites for the creation of alloy rims [130]. This way, the
rim morphology and evidently also the mean rim area remains constant and one can
unequivocally trace the changes in the properties of interest back to composition
and not to subtle morphology changes.

1.3.2.4- Towards few atoms clusters

It can be of interest to control the size of metallic clusters down to few atoms, both
to study possible new quantum properties and for specific applications. For exam-
ple, in magnetic recording, the SmCos alloy is predicted to make stable nanomag-
nets at room temperature for grain size as low as 1.5 nm. The concept of ordered
growth can be pushed down to low coverage to achieve very small clusters. Indeed,
in the last years, nanodots of rare earth materials like Sm or Dy have been realized
on the moiré patterns of graphene on Ir(111). Fig. 11.15e shows a typical image of
ordered dots of Sm containing in average 9 atoms [97]. The same quality of order
and size distribution can be retained until an average size of 50 atoms. An interesting
question to address is how small can be the clusters with such an organization and
a well-defined size. Due to the intrinsic statistical nature of nucleation and growth,
even on self-organized surfaces, reaching the limit of single atoms with a good re-
producibility from cell to cell is difficult. However, Fig. 11.15f shows an almost
perfect lattice of Sm adatoms with a proportion of single atoms as high as 80% on
a rather large temperature range of deposition. Such a result requires introducing a
long-range repulsion between adatoms that is supposed to be electrostatic due to a
charge transfer between Sm adatoms and the graphene [132]. Such samples are par-
ticularly suitable to explore the quantum reversal of magnetization in single atom
magnetic bit [133].

11.3.3- Alternative approaches for the self-assembly of nano-alloys

11.3.3.1- Nanowires and sequential deposition

Up to now, we have only discussed the self-assembly of nanoparticles, with lateral
dimensions in the range 1-5 nm and typically of atomic height. Another interesting
class of nano-objects are nanowires, either for their electric, magnetic or optical
properties. Several self-organized surfaces have a one-dimensional structure and
can therefore lead to nanowires, down to a single atomic row. We can for example
cite the case of CuO stripes on Cu(110) [134], of Si stripes on Ag(110) [135] and
of numerous vicinal surfaces [136] where the distance between step edges is simply
governed by the miscut angle with respect to a dense plane. Regarding alloys, such
studies are more scarce excepting a pioneering work on Co-Ag alloy nanowires
using Pt(111) stepped surfaces [137]. Another original way to obtain bimetallic
nanowires on insulating substrates is through the substrate patterning by ion
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sputtering at oblique angle. This leads to a rippled structure with a periodicity that
can be tuned in a range typically between 10 and 100 nm by changing the substrate
temperature and the incoming flux of sputtering ions. In the case of Fig. 11.17a, the
substrate is an alumina film that has been sputtered by Xe ions at an angle of 55°
with respect to the normal of the surface [138]. A codeposition of 1.4 nm of Fe and
Pt is then performed at grazing angle, typically less than 5°, in order to take
advantage of the shadowing effect of the ripples. After a post-annealing at 900 K,
one obtains the nanowires on Fig.11.17a, where the contrast comes from the STEM-
HAADF technique. Both high aspect ratio nanowires made of coalesced particles
and isolated nanoparticles coexist on the surface. Such a sample allows studying the
role of nanoscale confinement in the phase transition between the disordered and
ordered FePt alloy with temperature and the magnetic properties of such objects by
averaging techniques [138]. With the same spirit, the same group has made one-
dimensional coupled AusAg;.« nanoparticles to study their plasmonic properties,
showing that the surface plamon resonance could be shifted with x [139] but that
particles of pure metals exhibited a stronger field enhancement than the alloy [140].

All the nanostructures discussed so far have an aspect ratio that is flat, i.e. with
lateral dimensions larger than their height, which is natural for physical vapour dep-
osition techniques. Following some idea developed for the growth of self-assembled
semiconductor quantum dots, it is however possible to grow nanostructures in the
vertical dimension by a sequential deposition technique. A pioneering work was
performed on the Co/Au(111) system where the alternate deposition of Co and Au
at suitable temperature lead to Co nanopillars with an enhanced blocking tempera-
ture [141]. More recently, magnetic alloys nanowires embedded in an insulating
matrix have been realized by pulse laser deposition and thoroughly analysed with
different techniques. In this particular case (cf. Fig. 11.17b), the substrate (SrTiOs)
is not patterned and there is no lateral self-assembly. The ordered growth process
with inhomogeneous nucleation has to be understood in the vertical direction where
nanowires as long as 100 nm can be grown. Fig. 11.17b is a TEM top view image
showing the density of Coy,Nios nanowires and their diameter distribution, embed-
ded in a matrix of SrysBa,sTiO; [142]. The deposition process is sequential, as de-
scribed in the following. Targets of CoO and NiO are sequentially shot by the pulsed
laser, with a ratio of shots that fix the concentration of Co and Ni in the alloy. Snap-
shots of Kinetic Monte-Carlo simulations performed on a simpler system, i.e. Ni
nanowires in a SrTiOs matrix (cf. Fig. 11.17c¢) help to understand better the growth
mechanisms [143]. Once the homogeneous nucleation and growth of Ni on the sub-
strate is done, a first step of Ostwald coarsening removes the smaller islands (in the
present case, the substrate temperature is 870 K). The second step is to deposit the
SrTiOs until the Ni islands are fully surrounded (cf. ii). Then, a new Ni deposition
will mainly grow the Ni islands vertically and not nucleate new centres if the diffu-
sion length is larger than the mean distance between islands, what can be adjusted
with the substrate temperature and Ni flux. The layer-by-layer repetition of this pro-
cess can lead in principle to nanowires as long as the deposited thickness. This tech-
nique is rather versatile and can in principle be applied to many different bimetallic
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systems (see for example a recent study on CoAu nanowires [144]). Surprisingly,
the quality of the epitaxy in such complex systems is very good, as checked by high
resolution TEM image (cf. Fig. 11.17d) and by grazing incidence x-ray diffraction
[145], allowing to tune the magneto-elastic anisotropy to control the magnetization
direction within those wires. Based on the same idea, one can try to control the
nucleation and growth and therefore the properties of functional materials like mul-
tiferroic nanocomposites. In Fig. 11.17e for example, a growth of Cu nanopillars on
SrTiOs was used to control the density and size of subsequent CoFe,O, pillars in a
BiFeOs; matrix, modifying significantly their magnetic properties as compared to the
homogeneous growth [146].

a)

Fig. 11.17. a) STEM-HAADF image (200 nm) of 1.4 ML of FePt on a rippled alumina surface,
after a post annealing at 870 K. b) Top view TEM image of Co,,Niys self-assembled nanowires in
a SrosBagsTiOs; matrix. c) Schematic drawing of the sequential deposition technique leading to
self-assembled buried nanowires. d) High resolution TEM image of a Cog3Niges nanowire in a
matrix of CeO,. e) Top view SEM image (400 nm) of self-assembled CoFe,O, pillars in a matrix
of BiFeO;.

11.3.3.2- Interactions in Low Energy Cluster Beam Depositions

Although most studies on the realization of ordered bimetallic nanostructures on a
surface under vacuum are done using standard physical vapor deposition techniques
as described above, a few others original ways have been developed. One of them
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is the Low Energy Cluster Beam Deposition. In this technique, clusters are formed
directly in the gas phase using for the condensation a supersonic expansion of an
inert He gas [147]. Although this technique for production of nanoparticles is rela-
tively heavy, it has several significant advantages. First, the highly out-of-equilib-
rium process of condensation allows achieving thermodynamically metastable al-
loys. Second, once ionized, these particles can be mass selected using a quadrupolar
mass spectrometer, what can be used to select the size and possibly the exact com-
position of bimetallic clusters. Such nanoparticles of small kinetic energy (0.1
eV/atom) can be directly deposited on a surface, generally amorphous carbon or
graphite, without fragmentation. Surprisingly, it was shown that nanometre size
clusters show the same behavior of diffusion, nucleation and growth as single ada-
toms. Therefore, these objects could be spatially organized in principle using the
patterned templates discussed in section 11.3.2.1, although it has not been tried yet
to our knowledge. However, it has been discovered recently, that depending on the
working pressure and the deposited material, clusters can be arranged at least locally
in a dense array, as shown in Fig. 11.18a for 2 nm Pt particles [148]. Experiments
with different materials (Pt or Au) and different base pressures [149] have shown
that the local repulsion between neighboring clusters, at the origin of the organiza-
tion, could be due to the adsorption of molecular species, possibly CO, at their sur-
face. Since the surface reactivity depends drastically on the composition and size of
bimetallic nano-alloys, the CO adsorption and the subsequent organization can
change with the composition as shown for PtyAu;.« nanoparticles (Fig. 11.18 a to d)
[148], from nice arrays for pure Pt to coalesced ramified islands for pure Au. CoPt
particles can also display a local assembly when small enough (Fig. 11.18e) while
above 5 nm diameter the typical time of CO adsorption is smaller than the nuclea-
tion time and clusters coalesce (Fig. 11.18f), at least in ultra-high vacuum condi-
tions [150]. In the future, by controlling the CO partial pressure during the deposi-
tion, it is highly possible that this technique can allow achieving dense arrays of
highly monodisperse and controlled bimetallic nanoparticles. Finally, it is worth
noting that this method of assembly, though in vacuum, is similar in principle to the
chemical routes where the use of a chemical ligand around the particles hinders
natural coalescence.
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Fig. 11.18. Transmission Electron Microscope images. a) to d) Au,Pt,., 2.2 nm clusters deposited
on amorphous carbon. a) x=0. b) x=0.2. ¢) x=0.5. d) x=1. Images taken from figure 1 of reference
[103]. e) and f) CoPt clusters deposited on Highly Oriented Pyroelectric Graphite. ) 1.8 nm di-
ameter. f) 5.8 nm diameter. Images taken from figures 3 and 4 of reference [reproduced from ref
150 with permission].

11.3.3.3- Buffer layer assisted growth and nanorings

Finally, we discuss growth methods where the nanostructures are created before
they land on the surface. The first is buffer-layer assisted growth [151]. This tech-
nique condenses an inert gas buffer layer on the target substrate, then the constituent
atoms of the nanoparticles are deposited onto this layer, subsequently this layer is
evaporated and the deposited atoms diffuse towards each other and form clusters
which then land softly on the surface after the last few monolayers of the inert gas
have evaporated. This soft-landing method also works for pre-formed metal clusters
[152]. An example of buffer-layer assisted growth of Co nanoparticles is illustrated
in references [153,154]. The substrate is a hexagonal BN-monolayer on Rh(111)
that forms a (12 x 12) moiré pattern acting as template for the clusters. Note that the
direct deposition of transition metal atoms onto this surface does not lead to ordered
growth [155]. For further examples of buffer layer assisted growth we refer to [156-
160].
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Well-ordered arrays of rings with nanometer diameter can be created by combining
colloid monolayer layer lithography with evaporation under a certain angle. The
ring diameter can be adjusted by the evaporation angle and the pitch by the diameter
of the spheres forming the mask [161]. Alloy nanoparticles in solution have been
arranged into rings with different diameter using polystyrene spheres with different
size confining the solution by capillary forces to the interface between the spheres
and the surface [162]. Ring diameters down to 85 nm can be achieved and the opti-
cal activity of the nanoparticles is preserved.

11.4-Conclusion and perspectives

In the bottom-up elaboration of new materials with specific properties, chemical
and physical routes allow to fabricate nanostructured materials with a periodic or-
ganization. These 2D and 3D superlattices results from a controlled deposition or
nucleation of NCs considered as building blocks on a substrates. We have reported
here some overview on the elaboration of these superlattices and it should be noted
besides the analogy in term of nucleation and growth of the superlattices, that the
main difference between the chemical and the physical approach is the condition of
elaboration of the superlattices. Nanocrystals are bare in the physical route, but
coated by organic ligands in the chemical approach. This allows the elaboration of
3D structures which are not easy to fabricate by the physical route. However, these
ligands could limit the integration of the superlattices in solid state devices as they
can strongly modify the properties of the nanocrystals. This issue is more stringent
the case in catalysis or electronic transport.

In both cases problems arise concerning the long term stability of the superlattices
and the control of their structure. Future developments should be able to address
these limitations especially in the case of superlattices of nanoalloys if we want to
be able to control the NCs structure. At the moment the high temperature stability
of the superlattices are low whatever is the mode of fabrication. We will have to
control the stability at long times in order to develop new applications especially in
the domains of data storage where superlattices made of nanoalloys could play an
important role. Superlattices of nanoalloys have no real specificity compared to the
monoatomic NCs. However, if we can control the organization of different NCs
having different properties on the mesoscopic scale, either at 2D or 3D, a new kind
of super-alloys could be elaborate with promising properties. It is one of the future
direction for the self-assembly of inorganic NCs.
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